Electricity, as a commercialised commodity, has gained greater importance in the last two decades. The customers use more sensitive and sophisticated electronic devices which demand a reliable high quality power supply. On the contrary, these devices produce distortions in the power supply due to their nonlinear characteristics. In this paper, a comprehensive survey on power quality (PQ) related problems, as experienced by the customers in different countries of the world, are highlighted. Also, an investigation is done to find out the technical and economical consequences of poor power quality. At present, no definite standard is available concerning various power quality aspects at the point of connection (POC). Therefore, it is a dilemma for the network operators, the customers and the equipment manufacturers, how to share the responsibility at the POC where they meet each other. As the consequences of poor power quality might have large financial impacts, more initiatives are expected from the regulators and the connected parties to take corrective actions for maintaining better quality of the power supply at the POC.
INTRODUCTION
In the European standard EN50160, the electricity is considered as a commercial product which should satisfy proper quality requirements [1] . Regulators want to ensure that the customers would get the electricity which is reliable and possesses high level of power quality (PQ) so that all the customer's electrical equipments would work safely and satisfactorily. In the last two decades, the customers' urge for good quality of the power supply have increased as they use an increasing number of sophisticated and sensitive equipments, computers, variable speed drives (VSD) and power electronic devices. However, most of these devices often cause distortions in the supply voltage due to their nonlinear characteristics that might lead to poor PQ at the point of connection (POC). From worldwide customer surveys on the electric supply, it is found that complaints due to power quality disturbances are increasing every year among different types of consumers. Also, the susceptibility to a PQ problem varies among different types of customers. Poor PQ might cause major technical inconveniences leading to large financial losses. In this paper, an overview of various PQ problems as experienced by the customers in different countries of the world is highlighted. Some technical and financial consequences because of poor power quality are briefly discussed. The requirement of power quality regulation at the POC is emphasized in order to define the responsibility of each connected party: namely the network operator, the equipment manufacturer and the customers.
SURVEY ON POWER QUALITY PROBLEMS
Now-a-days, the customers have become more aware of the 'quality of service' of the electricity. The network operator is obliged to deliver a voltage at the customer's terminal that should remain within certain limits as specified in the national grid code or the standard. It is generally noticed that the electricity as it is produced in a conventional power plant by the utility is generally of high quality. But when it reaches the customer's terminal, it might be distorted due to the disturbances in the transmission and distribution networks or for other reasons. Moreover, the electrical equipments have become more complex in terms of their functionalities and the way they interact with other equipments present in the network. Therefore, it is becoming an increasing problem for the utility to maintain good voltage quality because of the interactions of the customer's loads with the network.
The Council of European Energy Regulators defines the 'quality of service' as a combination of the supply reliability, the power quality and the commercial relationship between the utility and the customer [1] . Power quality is often considered as a combination of voltage and current quality. It is generally noticed that the network operator is responsible for voltage quality (VQ) at the point of connection (POC) while the current quality (CQ) at the POC is largely influenced by the customer's loads. These two characteristics VQ and CQ influence each other by mutual interaction that might cause distortion in the power supply at the POC [2] . PQ disturbances can be classified into two categories: 1) 'continuous' or 'variation type' and 2) 'discrete' or 'event type'. Continuous type disturbances are present in every cycle and typically include voltage variations, unbalance, flicker and harmonics. The discrete type disturbances appear as isolated and independent events and mainly include voltage dips (sags), swells and oscillatory or impulsive transients [1] .
Power Quality Complaints
Typical PQ complaints arise from the customer side when the functioning of the customer's sensitive devices (for example computers, data processing equipments, variable speed drives, electronic ballasts) is affected leading to data loss, corruption or damage of data, physical damage of sensitive devices, flickering of computer screens, or complete loss of the power supply.
In South Africa, voltage dips and transients have been identified as major PQ problems where large part of the electricity network's infrastructure consists of overhead lines [3] . [4] . From various national and local surveys in the USA, it was found that about 70% of PQ disturbances at the POC are caused by the customers themselves or their neighbours due to the operation of the devices at their premises while the other 30% of PQ problems are originated from the network side because of natural events or other reasons, as shown in Figure 1 [5] . (a) Generated at customer side (69% of total), (b) Generated at utility side (31% of total) Figure 2 [7] . It is also observed that the majority of the PQ complaints in the Netherlands are registered by the domestic customers (56%) followed by the commercial (12%), agricultural (11%), industrial (10%) and other (11%) customers.
Figure 2 Power Quality complaints in the Netherlands [7]
It can be concluded that the main PQ complaints in a distribution network with overhead lines are due to voltage dips and voltage transients because the network is more prone to natural disturbances. On the contrary, the distribution networks with underground cables have problems because of harmonics and resonances. The capacitive impedance of the cables interacts with the inductive impedance of the network components and causes the resonance problem.
Possible Causes of Power Quality Problems
The frequency of PQ disturbances and their associated problems depend on many factors such as: the type of customer and the equipment under use, the topology and length of the electric lines supplying the customers and the geographical area [5] . The number and severity of PQ problems varies with climate conditions, operating practices and the behaviours of the load. Various circumstances that cause PQ problems are as follows:
• Natural phenomena that leads to system disturbances. It can be due to the weather (e.g. storm, lightning etc.) and animal activity.
• Normal utility operations that include capacitor and load switching which cause transients in the power system operation.
• Neighbouring customers who are connected to the same or adjacent feeder of the network might cause PQ problems due to the operation of large or periodic high demand loads.
• The operation of customer's sensitive loads which have nonlinear behaviour and produce current harmonics in their operations. The current harmonics in combination with the network impedances produce distortions in the supply voltage waveform at the customer connection point and cause poor PQ of the electric supply.
• Large scale integration of inverter connected distributed generators (DG), that are fed from sustainable energy resources (wind, solar electricity etc.), can cause increased harmonic pollution and resonance problems. Multiple number of inverter connected DG in the network can cause large distortions in the network voltage and current waveforms. The topology of an inverter and its control schemes are main factors for limiting the distortion level in the network [8] .
Previously, large commercial and industrial customer's loads were mostly the mechanical or electromechanical types that were robust and insensitive to small duration (up to seconds) voltage events. Today, most of the customer's loads have microprocessor based technology which includes programmable logic controllers (PLC), VSD and other process control equipments which are sensitive to any small voltage disturbances.
The residential customers use various sensitive electronic devices, for example: personal computer (PC), video cassette recorder (VCR), micro-oven, digital TV etc. These devices are sensitive to PQ disturbances. All these domestic appliances have nonlinear current characteristics that produce current harmonics in the network and distort the supply voltage waveform in line with the network impedance. The use of modern energyefficient lamps, such as compact fluorescent lamp (CFL) with electronic ballast, is encouraged as it demands lesser active power than the conventional incandescent lamps while the CFL produces the reactive power and harmonic distortions more than the incandescent lamps.
EFFECTS OF POOR POWER QUALITY
The effect of poor PQ on the electrical equipment varies from component to component. Each type of sensitive electronic equipment differs in the amount and intensities of electrical stress that it can tolerate before failing. The critical factors that determine the tolerances of the equipment are as follows:
• the nature, magnitude and duration of the PQ event • the frequency of the event • the sensitivity of the component to the event • the location of the equipment within the customer's installations • the age of the component Any loss of the power supply can cause operational inconvenience to the customer and financial losses both for the customer and the utility. It is noticed that for an industrial production unit, the cost of energy not supplied due to an outage is much higher than the cost of the energy that is supplied when needed [6] . An outage or an interruption event of few seconds can lead to the loss of production for minutes to hours because of the restart time of the whole process. The technical and financial inconveniences of the utility due to poor PQ are not discussed in this paper.
Technical Consequences
Different PQ problems have varying importance for different types of customers. The power supply interruption is often included in the reliability analysis of the power system and will not be discussed in this paper. Voltage dip is one of the most important PQ problems as it has often a direct impact on the customer services and its finances. Large industries (such as: semiconductor industry, paper plants, glass and steel industries etc.) suffer technical inconveniences and large financial losses when voltage dips occur at their plant sites. The whole plant operation might be interrupted and has to be restarted. So, the voltage dip is considered as a critical problem for continuous process operation. Sudden voltage dips can also cause inconveniences to the commercial customers as they might face problems because of damaged equipment and business down time, data loss etc. For household customers, a voltage dip might cause disturbances to their regular activities. A voltage dip is measured by the magnitude of voltage drop and its duration. Different devices have different sensitivity towards voltage dips and are described by their individual voltage tolerance curves. In Figure 3 , the voltage tolerance graphs for some of the customer's equipments and the ITIC (Information technology industry council) graphs are shown.
Figure 3 Voltage tolerance graphs of appliances [11]
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When a voltage dip occurs, the voltage available at the equipment terminal is lower than the nominal voltage. If the available voltage at the equipment terminal is less than its minimum voltage limit for a duration longer than the maximum tolerance time, the equipment will shut down. Voltage tolerances of some other customer devices are shown in Table 1 . The abbreviation used in Table 1 for 'Vmin' represents the threshold voltage for which a device can operate correctly for a maximum duration of 'Tmax' [9] . Many modern power electronic devices experience operational problems when the voltages at the terminals drop below 85% of the nominal voltage for a duration longer than 40 ms. A voltage dip in a feeder can cause mal operation of a DG, present in the same or a parallel feeder.
Transient voltage surges are another important PQ problem that can have a large financial impact. It can be originated from natural events or due to the switching of large loads. High frequency noise is also a PQ problem that causes equipment failure (such as computer lockups) and data error. A surge protective device in parallel with the sensitive device can be used at the input terminal to prevent damage of it from the transient overvoltages and high frequency noises. It is noticed from statistical records that in the electricity network voltage dips occur more frequently than transient surges. A current surge that accompanies a voltage dip recovery is mainly the cause of equipment damage [12] . The customers are vulnerable to sudden transient surges that might cause unwanted tripping of the protective devices.
Harmonics in the power system are identified as problems for the European networks. Customers from different sectors complain on harmonic problems. Many single phase loads generate large amounts of third order (or its multiple number) harmonic currents that overload the neutral conductor and cause excessive heating. The devices, with nonlinear current characteristics, cause a distortion in the supply voltage waveform. This will change the power factor of the system to a lower value and the reactive power demand will be increased. Thus, various network components might be overloaded as the demand of total apparent power, which is a combination of active and reactive power, will be increased. In Figure 4 , the technical consequences of PQ problems are shown from the survey of the European Copper institute in 2001 at 1400 sites in 8 countries of European Union (EU) [10] .
Figure 4 PQ problems in 8 countries of Europe [10]
Harmonic voltage distortion in the network leads to harmonic currents through the linear loads. It will cause extra losses in the loads and hence the loads will be derated than their actual ratings. Presence of harmonic voltage limits the immunity of the rotating machines for voltage unbalance and might cause ageing and early failure of the customer's equipments. Harmonics can also create resonance conditions with the capacitor banks present in the network, which in turn result in large currents and voltages in the network and can cause mal operation of protective devices [10] .
Short duration voltage changes resulting from switching, short circuits and load changes can cause flicker. It is an irritating problem for human eye's perception. Mainly the residential customers have inconveniences due to light flicker, flickering of computer screen or television screens etc. This problem generally does not have direct financial impacts. Flicker does not cause harmful equipment damage. Nevertheless, excessive flicker can cause physical sickness for people (for example: migraine and 'sick building syndrome') [10] .
Under-voltage is a problem which is perceived mainly by the agricultural and small-scale industrial customers. It can affect the operation of sensitive equipment (which is voltage controlled), normal operation of motor load and overstressing of insulation. Long duration undervoltage problems can be solved by the utilities through better planning of the distribution system. On contrary, it is the responsibility of the customer to protect the sensitive loads that require a better voltage regulation to operate properly.
Earthing (grounding) of installations and equipments is important for all the customers using electricity. All the equipments working in the electrical environment should function safely without causing any danger either to other equipments or to the people. Improper earthing can create an undesired voltage rise at the neutral or at the equipment surface. The use of more sensitive devices requires an integrated global earthing philosophy for safe and reliable operation of electrical equipments [10] . Any electrical and electronic equipment produces electromagnetic radiation while they are designed themselves to be immune to some amount of radiation. To maintain the compatibility of equipment and to solve EMC related problems, a well designed earthing system has to be implemented.
At present, voltage unbalance is not a big problem in the electricity network. In the high and medium voltage networks, loads are three phase and well balanced. With the vertical structure of electricity network, the low voltage system is also balanced. However, large scale implementation of DGs at the medium and low voltage grids will change the network structure and the unbalance problem might become an important issue.
Voltage unbalance can cause premature failure of network components and motors due to overheating and can cause electronic equipment to malfunction.
Financial Consequences
Electric power quality disturbances can have significant financial consequences for different types of facilities. Poor quality of the power supply can cause high amount of direct and indirect costs. It is often very difficult to specify the exact amount of losses when a PQ event or a voltage disturbance occurs. Field surveys, interviews with the customers and case studies are done to estimate the cost of poor PQ of the electric supply. Three main factors are often considered for accurate assessment of PQ cost: disturbance profile at the busbars involved, customer load susceptibility and the calculation of losses induced by damage or malfunction of equipment or process interruption. A disturbance event may affect one piece of equipment but the consequences may be wider affecting other equipments or other customers too. It may happen that a PQ disturbance that is originated from an industrial plant affects the operation of the other industry located in the neighbourhood. Actual financial losses are customer specific and depend on many factors including customer category, type and nature of the activities interrupted and the customer size. Moreover, financial losses are event specific and different severity could incur different losses to the customers. Various costs of poor PQ can be broadly categorized as follows:
Direct costs: This cost is associated with loss of production, damaged product, damaged equipment, loss of raw material, salary costs during non-productive hours, extra maintenance etc.
Indirect / Hidden costs:
Costs of lost sales, cost of premature equipment failure, costs of out-ofspecification product or services, costs associated with poor reputation for non-delivery etc.
Non-material inconveniences: Some inconveniences due to PQ disturbances can not be expressed in terms of money (for example: loss of entertainment).
As the cost evaluation of poor PQ is a complicated issue, a 'Joint Working Group'-JWG C4.107 has been formed between CIGRE and CIRED to develop a systematic approach to this issue. This group proposes to separate PQ into two broad categories as quasi continuous variation and discrete events. Two distinct methods of measuring the economic impact of poor PQ have been identified. The first method is the direct method which is an analytical approach to consider the probabilities and impacts of the events. This method leads to a precise answer about the cost of a PQ event but it is often difficult to obtain correct input values. The second method is an indirect method which considers historical data for analysis and the customer's willingness to pay in solving PQ problem [13] . [14] . The percentages of total financial losses on various PQ aspects in EU-25 are shown in Figure 5 . The cost (in billion euros) of different PQ problems in the industries and service sectors of EU-25, as estimated from that survey, are shown in Table 2 . 
Figure 5 Percentage cost of PQ aspects in EU-25 [14]
It is shown in Figure 5 that 57% of the total financial loss in EU-25 is for voltage dips and short interruptions while 35.2% of the losses are due to transients and surges. Other 7.8% financial losses are for harmonics, long interruptions, flicker, earthing and EMC problems.
Another PQ survey was conducted by EPRI-CEIDS through out the USA in 2000. The report declares that the US economy loses between 119 billion dollars to 188 billion dollars in a year because of the power supply outages and various PQ related problems across all business sectors [15] .
Estimating the actual costs of poor power quality in different sectors (and customers) is quite difficult. The reference of representation of the cost data is not unique which makes it difficult to compare the financial loss figures among various customers. Hence, proper classification method for the analysis of data is required.
CONCLUSIONS
Network operators are under pressure to provide good quality power at low price. With the advancement of digital technology and power electronics, modern customers demanding for a high quality power supply.
Complaints on poor PQ, that cause technical and financial inconveniences, are increasing every year among the customers. The voltage dips, transients and short interruptions are identified as main PQ problems that cause large financial losses. It is noticed that most of the PQ disturbances are originated at the customer premises due to the nonlinear operational behaviour of the sophisticated devices. So, the network operators do not want to take the full responsibility to solve PQ problems at the customer's point of connection (POC).
In the last couple of years, PQ related disputes at the POC have increased among the network operators, the equipment manufacturers and the customers. Due to the lack of specified quality at the POC, these parties are not aware of their individual responsibilities concerning PQ of the electric supply. Hence, an optimal standard on PQ regulation at the POC is required to define the responsibility of each party.
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